. In several areas, neurons invaded the marginal zone. In adjacent areas, cortical 3L) and at the cerebellar surface underlying the meninges (arrowheads in Figure 3L ). In conclusion, the develneurons accumulated deep in the cortical wall (arrows in Figure 3B ). Defects in the cortex were also evident at opment of both the cerebral and cerebellar cortex is severely impaired in the absence of ␤1-class integrins, all subsequent ages. At P2, layers I through IV and in some cases layer V were disrupted ( Figures 3C and 3D ).
leading to fusion between folia and hemispheres and to defects in the organized laminar cytoarchitecture of In addition, coronal sections revealed that the cortical hemispheres were fused at the midline (Figures 3E  cortical Defects in the expansion of the meningeal cell layer 3G and 3H). Several abnormalities became obvious at cortices were covered with a basement membrane containing laminin ( Figures 4C, 4E, 4G , and 4I), collagen IV, and nidogen/entactin (data not shown), and this basement membrane penetrated into and separated the cerebellar folia (Figures 4C and 4E) . In contrast, a relatively intact ECM layer was visible in the mutants only at early stages of cortical development, i.e., at E15.5 in the cerebral cortex ( Figure 4H ) and by P2 covering the cerebellar cortex ( Figure 4D ). At E15.5, only small areas of the surface of the cerebral cortex were devoid of ECM, and they coincided with areas where cortical neurons invaded the marginal zone ( Figure 4H, arrowhead) . At subsequent ages, basement membrane defects became severe, with areas devoid of ECM and widespread depositions of granules, indicating active ECM degradation ( Figures 4H and 4J, arrowheads) . In the cerebellum, ECM molecules were never observed within the developing folia ( Figures 4D and 4F ) and were absent by P7 from areas of the brain surface underlying the meninges (Figure 4F ). The basement membranes around blood vessels were unaffected ( Figures 4C-4J, arrows) .
Previous data suggested that meningeal cells are essential for the formation of the basement membranes at the brain surface (Sievers et al., 1994) . Since the nestin-Cre mice did not induce recombination in meningeal cells, our data suggest that expression of ␤1-class integrins in neurons and/or glia is required to assemble and/ or remodel the meningeal basement membranes during the growth phase of cortical structures. Fusion of cerebellar folia and cortical hemispheres are likely caused by defects in the basement membranes, which results in lack of expansion of the overlying meningeal cell layer Figures 5C and 5D ). Glial fibers that extended toward the cerebellar surface and in basement membranes during growth of cortical structures could lead to abnormal lamination and foliawere also readily detectable in wild-type and mutant mice at E18.5 ( Figures 5E and 5F ). At later stages, a tion. We therefore analyzed the integrity of the meningeal cell layer and the distribution of ECM components regular glial network was visible in wild-type mice, and the glial endfeet formed a continuous layer ( Figures 5G  in the developing brain (Figure 4) . Meninges covered the outer surface of the mutant and wild-type brain at and 5I). In contrast, the glial fibers in mutant mice were highly irregular. Within the folia, they occasionally inall ages analyzed and could be removed as a single uninterrupted sheet ( Figure 1F) . However, the meningeal vaded the granule cell layer but did not form expanded endfeet at any age ( Figure 5J ). Glial endfeet were also cell layer in mutants did not extend into the developing cerebellar folia (Figures 4A and 4B ) and between the absent at the surface of the cerebellum ( Figure 5H ), even though ECM components were initially present ( Figure 4D ). cortical hemispheres ( Figure 3F) .
In wild-type mice, both the cerebral and cerebellar The data provide strong evidence that ␤1-class integ- 6L ). In the mutant mice, the tangentially migrating interneurons were organized in undulating layers. These data provide further evidence that the cortical marginal zone is perturbed and that neuronal layers, although wave-like in appearance, form and contain positional cues that are recognized by the tangentially migrating interneurons.
Defective Positioning of Cajal-Retzius Cells and Reelin in the Cortical Marginal Zone
In the ␤1-deficient cerebral cortex, migration of neurons progressed relatively normal and was mostly perturbed close to the marginal zone. This zone is an organizing center for the developing cerebral cortex. In particular, it contains CR neurons that secrete reelin, an ECM molecule that regulates the formation of cortical layers (reviewed in Cooper and Howell, 1999; Rice and Curran, 1999). Defects in the organization of the marginal zone and in CR cells could account for the abnormalities detected in the lamination in the ␤1-deficient cortex. Therefore, we examined the presence of CR cells and reelin in wild-type and mutant mice. In wild-type mice, CR cells formed a well-organized layer at all ages analyzed ( Figures 7A and 7C ). In the mutants, the CR cell layer was perturbed. Defects were evident at E15.5, such as small gaps in the CR cell layer ( Figure 7B ), which coincided with the gaps in the meningeal basement membrane (data not shown). The defect worsened at later ages, with CR neurons forming ectopia within the cortical wall ( Figure 7D ). The orientation of the cell bodies and processes of CR cells were also abnormal. While the cell bodies and processes of wild-type cells were aligned parallel to the meningeal cell layer ( Figure 7C ), those of mutant cells were more randomly oriented (Figures 7D-7F) . The CR neurons of mutant mice still expressed reelin, indicating that loss of ␤1-class integrins did not inhibit reelin synthesis (Figures 7G-7L) . Importantly, the waves in the cortical layers followed the terri- To investigate this further, we analyzed neuron-glia cerebellum is not directly caused by defects in migration interactions directly in vitro (Figures 8D-8G) . Cells due to lack of ␤1-class integrins in cerebellar granule attached to cell processes were readily detected in culcells. In fact, the IGL in wild-type and mutant animals tures derived from both wild-type and mutant animals was similar in size around P4, at a time when the glial ( Figures 8D and 8E) . We confirmed by double immunflunetwork was relatively intact (Figures 8A and 8B ). To orescence with specific markers that these were neucompare cell migration quantitatively, we labeled prolifrons attached to glial fibers ( Figures 8F and 8G) . The erating granule cells with BrdU at P3 and analyzed their elongated shape of many of the granule cell bodies extent of migration by P5. Short-term BrdU labeling exsuggested that they were migrating. Similar observaperiments revealed that fewer cells were labeled in the tions were also made in vivo (data not shown), in agree-EGL of mutant mice when compared to wild-type animent with the results shown for neuron-glia interactions mals, indicative of proliferation defects in granule cell in the cerebral cortex ( Figures 6G-6J ). These data proprecursors (data not shown). To quantify the rate of vide further evidence that ␤1-class integrins are not esmigration, we had to compensate for this defect. Acsential in either neurons or glia for their interaction. We cordingly, we determined the number of BrdU-positive cannot exclude, however, that ␤1-class integrins moducells generated at P3 in the EGL during a 2 hr pulse late these interactions or have redundant functions with labeling. Next, we detemined the number of BrdUother receptor systems (see Discussion). labeled neurons that had reached the IGL 2 days later. We then established the ratio between the two cell numbers ( Figure 8C ). The ratio was essentially identical in wildDiscussion type and mutant animals, providing strong evidence that cell migration progresses initially normally. The later acWe have inactivated the integrin ␤1 gene selectively in the precursors of neurons and glia by Cre/Lox-mediated cumulation of granule cells in ectopic sites, i.e., along tical malformation diseases (reviewed in Walsh, 1999), suggesting that integrin-activated signal transduction pathways may be affected in some of the diseases. Our data suggest that cortical foliation and lamination defects arise in large part as a consequence of perturbations in the cortical marginal zone, where the anchorage of glial endfeet, the remodeling of basement membranes, and the extension of the meningeal cell layer are perturbed in the absence of ␤1-class integrins. Unexpectedly, ␤1-class integrins are not essential for neuron-glia interactions and for neuronal migration during corticogenesis. In the cerebral cortex, neurons migrate toward the marginal zone; however, they invade CR/ reelin-free areas or accumulate below CR/reelin ectopia. In the cerebellum, granule cells accumulate along fusion lines of folia and at the pial surface, at a time when the glial fiber network is most dramatically perturbed. The granule cell ectopia appear to form as a result of perturbations in the glial network that prevent physical contact between some granule cells and glial fibers and consequently the initiation of cell migration by some neurons.
␤1-Class Integrins and the Assembly and Remodeling of the Meningeal Basement Membrane
The deposition of ECM components into the meningeal basement membrane is defective in the absence of ␤1-class integrins. Deposition is initiated early in development, but defects become pronounced during the rapid growth phase of cortical structures. Previous studies have shown that meningeal cells express ECM components and that they are important for the assembly of the meningeal basement membrane (Hausmann and Sievers, 1985; Sievers et al., 1994). In the current study, integrins were only inactivated in neurons and glia. This suggests that the initial deposition of ECM components is dependent on meningeal cells, but proper basement membrane maintenance and/or remodeling is also dependent on ␤1-class integrins in neurons and/or glia. Strikingly, expanded glial endfeet do not form in the mutants, suggesting that interactions between ␤1-class defects in cell migration should be apparent in the ␤1-deficient mice. We do not detect such defects. However, Similar CR cell ectopia develop in cortical slice cultures upon application of neurotrophin-4 (NT-4) and in we cannot exclude that ␤1-class integrins have a modulatory role and that the rate of migration is affected. A transgenic mice that overexpress brain-derived neurotrophic factor (BDNF) (Brunstrom et al., 1997; Ringstedt quantitative study of neuronal migration in the cerebral cortex was unfortunately not possible, since layer foret al., 1998). The mechanism by which these ectopia form is unclear. BDNF may mediate its effects by affectmation is affected to a varying degree in different parts of the cortex. Further studies will be necessary to ading reelin expression, since reelin levels are reduced in the nestin-BDNF transgenic mice (Ringstedt et al., 1998) . dress this point. Once neurons reach the cortical marginal zone, they In the mutant described here, reelin expression was maintained, although we cannot exclude that its levels terminate migration and form distinct layers. The ECM component reelin has been suggested to act as a stop were altered. It will be interesting to address whether NT-4, BDNF, integrins, and reelin are part of a molecular signal for migrating cortical neurons. Integrin ␣3␤1, CNR proteins, and members of the low-density lipoprotein network that regulates CR cell differentiation.
Granule cell ectopia are also found in the ␤1-deficient receptor family have been reported to bind to reelin (reviewed in Rice and Curran, 1999; Cooper and Howell, cerebellum. They form likely as a secondary consequence to perturbances in the glial network. Some gran-1999). Mice carrying targeted mutations inactivating two members of the low-density lipoprotein receptor family, ule cells that are too far away from the malformed glial fibers never contact glial processes and fail to initiate VLDLRII and ApoERII, show the same phenotype as mice lacking reelin, providing genetic evidence that migration. This model is consistent with the observation that migration progresses normally at early stages of these receptors are essential to transmit the reelin signal (Trommsdorff et al., 1999) . It has also been reported that cerebellar development when the glial network is relatively intact. Furthermore, formation of ectopia is most the integrin ␣3␤1 is essential to transmit a reelin stop 
